This study investigated the magnitude of inbreeding depression in fecundity, and whether the depression is purged during six generations of sib mating in the bulb mite, Rhizoglyphus robini. The progeny resulting from a single generation of brother-sister mating suffered significant inbreeding depression in fecundity. During the following six generations of continuous sib-mating, 58% lines were lost, 45% because of sterility and 13% because of preadult mortality. The lines were then outcrossed, and their inbreeding depression compared with that of the base population. The inbreeding depression for the outcrossed population was 0.15, and for the base population 0.19, but the difference was not significant. The lack of significant purging of inbreeding depression indicates that it was caused either by detrimental genes of small effect, or by the breaking down of overdominant relations between alleles. However, the large proportion of extinct lines points to the former mechanism as a predominant cause of inbreeding depression. Theory predicts that the probability of line extinction with inbreeding increases with its load of mutations. If phenotypic variation in fecundity was partly because of differences in numbers of mutations carried by individuals, the fecundity of the line founder could be expected to correlate with the probability that the line derived from it will survive long-term inbreeding. Indeed, fecundity of founder females was significantly associated with line survival, which suggests that line extinction rate may be used as a method to study individual mutational loads, for example, in studies of sexual selection.
Introduction
Inbreeding depression, the decline in trait value as a result of inbreeding, has been reported from many animal and plant species (reviewed by Charlesworth, 1987, 1999) . Among the important implications of this phenomenon is the decline in fitness observed in small populations, a phenomenon of major concern in conservation biology (Frankham, 1995; Keller and Waller, 2002) . Most of the evidence accumulated so far points to partially recessive deleterious mutations as a main source of inbreeding depression Crow, 1999) , although overdominance can also play an important role in some organisms (eg Karkkainen et al, 1999) . Tempelton and Read (1983) suggested that inbreeding depression can be purged from endangered populations through controlled inbreeding, which increases the effectiveness of selection against deleterious recessives. As no purging occurs under overdominance, crossing inbred lines should restore fitness to the original value, whereas if purging of deleterious alleles occurred during inbreeding, fitness is expected to be higher in the outcrossed lines than in the base population (Barrett and Charlesworth, 1991; Roff, 2002) . However, Willis (1999) pointed out that evolution in the original population or in the inbred lines may invalidate conclusions based on this prediction. He proposed that the decrease in inbreeding depression, rather than the increase in fitness in populations with a history of inbreeding, should be demonstrated to imply purging ( Figure 1 in Willis, 1999) . The present study applies the design of Willis (1999) to test for purging of inbreeding depression in female fecundity in the bulb mite, Rhizoglyphus robini (Acari: Acaridae).
The effectiveness of purging will differ depending on inbreeding rate or breeding scheme, and, importantly, on the type of the underlying mutations (Hedrick, 1994 , Wang et al, 1999 Wang, 2000) . Lethal and sublethal mutations can easily be eliminated from inbred lines, but mutations that are only weakly selected against (ie detrimentals) will often be fixed in populations via a random drift, and purging will be much less effective (Hedrick, 1994) . Moreover, these detrimental mutations tend to be only partially recessive, so inbreeding does not increase the selection against them as much as against more recessive lethals or sublethals (Hedrick, 1994; Wang et al, 1999) . Thus, the degree to which inbreeding depression is purged can be used to infer whether it is caused by genes of large or small effects (Willis, 1999) : if inbreeding depression is caused mainly by detrimentals, purging will be much slower than for lethals (Hedrick, 1994) . In practice, it might be difficult to determine whether inbreeding depression is caused by overdominance or recessive detrimentals when no significant purging is observed. However, the latter, but not the former, mechanism predicts the extinction of inbred lines in which deleterious mutations become fixed (Hedrick, 1994) .
The extinction of a large proportion of lines is a typical result of several generations of brother-sister mating (eg Bowman and Falconer, 1960; Sittman et al, 1966) . Hedrick (1994) showed that, among other factors, the proportion of lines lost during inbreeding depends on the number of lethal equivalents present within a line. Inversely, the chance of line extinction could therefore be used as a measure of genetic load within the line. In this study, two inbred lines were derived from each founder female whose fecundity was measured. If phenotypic variation in fecundity was partly caused by deleterious mutations, I expected a negative correlation between fecundity of founders and the probability of extinction of the lines derived from them.
Methods
Rhizoglyphus robini infests subterranean structures of plants, for example, bulbs of onions, garlic and other members of the Liliaceae. It also infests stored food products (Diaz et al, 2000) . Like other acarid mites, Rhizoglyphus is diploid and lacks parthenogenesis (Oliver, 1971 (Oliver, , 1977 . Sex ratio at emergence of adults is near unity (Gerson et al, 1983) . Little is known about the population structure of the species. It occurs in populations ranging from a few to hundreds of individuals (reviewed in Diaz et al, 2000) , so populations may undergo occasional bottlenecks. The mites used in this study came from a stock culture derived from a colony of about 100 individuals found on onions from a garden near Cracow, Poland, in 1998. They were kept in the lab as a large population (41000 individuals) for 2 years (about 50 generations) before the commencement of this research. The culture was maintained at 22-261C, 490% humidity, and fed a 3:1 mixture of powdered yeast and wheat germ.
During experiments, individual and paired mites were kept in 50 ml Eppendorf vials filled to 1/3 height with solidified, moist plaster-of-paris darkened with 10% powdered charcoal for better visualisation of the whitish-coloured mites on the background. Vials were closed with nonabsorbent cotton wool. Food was provided ad libitum and temperature maintained at 221C.
Virgin females, obtained from individually isolated larvae, were randomly mated with a single male, and six eggs were isolated from each such family. Upon reaching adulthood, the virgin female offspring of these pairs were mated either to their brothers, or to a randomly assigned, unrelated male. Those mated to their brothers remained paired with them for 3 days, and the eggs laid during this period were used to start the next inbred generation. After 3 days, the brothers were removed and the females paired with a second, this time unrelated, male. The eggs laid later, fertilised by an unrelated male (as a result of the last male sperm precedence, Radwan, 1997) were used only for fecundity assessment and then discarded. Fecundity was assessed by counting the eggs laid on the 6 days following mating with an unrelated male. This period is fairly representative of a female's lifetime egg output, as female oviposition rate does not change significantly over her egg-laying period of about 3 weeks, (Konior et al, 2001) .
Outbred pairs were less numerous than inbred pairs because not all pairs produced two progeny of each sex, and the number of inbreds was maximised for the purpose of the long-term inbreeding experiment. In total, 16 eggs were collected from inbred and outbred females and left to develop. Upon reaching adulthood, two females from each family (inbred as well as outbred) were mated to an unrelated male and their fecundity assessed as in the previous generation. Additionally, two other females from each inbred family were mated to their brothers in order to start inbred lines. For the consecutive five generations, two lines from each of the 155 F 1 brother-sister founding pairs (ie a total of 310 lines) were propagated through sib-mating: 10 eggs were isolated from each pair, and upon reaching adulthood, one pair was randomly selected for mating. Lines could go extinct because no individuals reached adulthood (egg/juvenile mortality) or because the pair produced no eggs (sterility). Females do not lay eggs unless they are fertilised, and stop ovipositing when sperm is depleted (Woodring, 1969; Radwan, 1997) . This is probably because, in acarid mites, sperm penetration into oocytes is necessary for egg development to proceed beyond the diplotene (Heinemann and Hughes, 1970) . Thus, all unhatched eggs were due to embryonic mortality and not because they were not fertilised. A small proportion of families (not different from the expectation of 1/2 9 per generation) was lost because all the progeny isolated were of the same sex. Lines lost for this reason were not entered into further analysis.
In the sixth inbred generation, one female from each surviving line (one per founding pair where two lines survived) was mated to an unrelated male to produce F 7 outcrosses. At the same time, females, isolated from the base colony as larvae 8 days earlier and kept under identical conditions as inbred F 6 to minimise maternal effects, were each mated to a random male. Upon reaching adulthood, one female from each of the F 7 outcrossed families, as well as from the simultaneously maintained base population families, was mated to their brother, and another female to an unrelated male. Where only one female was obtained from a family, it was assigned randomly to the inbred or outbred group. Their progeny were reared individually in the same desiccator, and upon reaching adulthood, two females from each inbred and outbred families were mated to a random male and their fecundity estimated for 6 days following mating.
Inbreeding depression was calculated as 1 Àŵ w i =ŵ w o , whereŵ w i is a mean trait value for inbred population,ŵ w o for outbred population. The significance of inbreeding depression was tested with the t-statistic calculated according to Lynch and Walsh (1998) ,
1=2 Þ, where SD o is the standard deviation of the trait measured in outbreds and L the number of families. This method takes into account that the variance is expected to be higher among inbreds.
The difference in the magnitude of inbreeding depression between outcrossed F 7 and the base population was first tested by calculating differences between means for inbreds and outbreds from each maternal family (Willis, 1999) . As expected, these differences were normally distributed around the mean of zero (P40.2 for both base and outcrossed F 7 , Kolmogorov-Smirnoff test). However, as 21 families had no maternal equivalent (because of random events or the lack of the second female within the family in the previous generation), inbreeding depression was also compared from mean fecundities of outcrossed F 7 and base populations, which allowed inclusion of all data. This was analysed using standard ANOVA, as it is robust against moderate departures from heteroscedasticity (Glass et al, 1972) , and Bartlett's test did not detect significant heterogeneity of variances in the data (P ¼ 0.84). In this analysis, purging of inbreeding depression would be detected as a significant interaction between source population (base or outcrossed) and treatment (inbred or outbred).
As variances in fecundity between lines that lost zero, one and two lines during six generations of inbreeding differed substantially (P ¼ 0.014, Bartlett's test), nonparametric tests were applied.
Results
The first analysis of female fecundity was performed at the beginning of the experiment. It revealed significant inbreeding depression: outbred females from the second generation laid on average (7SD) 97.4726.1 eggs (n ¼ 88), and same-generation inbred females (inbreeding coefficient F ¼ 0.25) laid 76.1731.3 eggs (n ¼ 162; t ¼ 7,29, Po0.001). Inbreeding depression was thus 0.22, and a linear extrapolation for the completely inbred population (F ¼ 1) yielded an inbreeding depression coefficient (d) of 0.87.
During the following six generations of brother-sister mating, 58% of lines were lost, 13% because of pre-adult (mostly embryonic) mortality, and 45% because of sterility (lines lost because of chance events or samesex progenies are not included). That such a high extinction rate was because of inbreeding and not residual sterility is indicated by the fact that the proportion of outbred pairs that did not produce any eggs was very low (0.9%, n ¼ 88 outbred pairs from the second generation), as was the proportion of pairs that failed to produce viable progeny (1.3%). Thus, the expected line extinction for both the reasons was 2.2% per generation, which, over six generations, should yield a cumulative effect of 12.5% lines lost, significantly less than actually recorded (w 2 ¼ 28.5, df ¼ 1, Po0.001, n ¼ 288).
Lines could also be lost if there were strong barriers against sib-mating. However, the proportion of sibmated females that did not produce any eggs was very low (0.9%, n ¼ 170 inbred pairs from the second generation) and identical to that for the same generation females mated to unrelated males (above). Thus the line extinctions that occurred are likely to be the result of the fixation of deleterious alleles.
The deleterious alleles that caused line extinction may have also been important in causing variation in fecundity among founder females. Mean fecundity would therefore be expected to be the highest in the group in which two lines survived, and the lowest in the group with no surviving lines. This prediction was tested with a directional heterogeneity test (Rice and Gaines, 1994) . No a priori predictions could be made as to which cause of extinction (sterility or inviability) is more likely to correlate with the founder fecundity, so all cases of extinction were pooled. The means7SDs for founder females that gave rise to two, one and zero surviving lines were, respectively: 115.5719.3 (n ¼ 25), 107.3732.5 (n ¼ 52) and 102.9731.7 (n ¼ 54), that is, they were ordered in the expected direction (r s ¼ 1). The directional heterogeneity test, based here on a nondirectional Pvalue obtained from a Kruskal-Wallis test (H ¼ 4.55, n ¼ 131, P ¼ 0.103), revealed that the ordering of the means was significant (r s P c ¼ 0.87, Po0.02). Similar analyses conducted separately for each cause of extinction showed the same ordering of the means, and were both significant by the directional heterogeneity tests.
The preceding analyses only included founding females for which none of the lines were lost through chance events, that is about 80% of the original number. Another prediction is that founder female fecundity should correlate positively with the average number of generations survived by brother-sister lines derived from them (Radwan, in preparation) . This prediction, tested after inclusion of lines whose second replicates were lost because of chance events, was also borne out ( Figure 1, r 
The mean fecundity differences (7SD) between outbreds and inbreds in maternal families were 15.9750.1, n ¼ 22 for outcrossed F 7 , and 19.5747.5, n ¼ 26 for base populations, and there was no evidence for purging (t 56 ¼ À0.34, P ¼ 0.73). Analysis of the extended data set (ie after inclusion of the families that had no maternal counterpart among inbreds/outbreds) with ANOVA yielded the same conclusion: the interaction between the effects of population (outcrossed F 7 or base) and inbreeding, which would be indicative of purging, was not significant (Table 1 ). There was a significant effect of inbreeding, but not of the source population (Table 1) . Mean fecundities of inbreds and outbreds from base and outcrossed F 7 populations are shown in Figure 2 . Inbreeding depression for F ¼ 0.25 in the base population was 0.19, and in F 7 outcrossed population 0.15. Figure 1 The relation between female fecundity and mean number of generations survived by the inbred lines derived from them.
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Discussion
This study shows that bulb mite females suffer substantial inbreeding depression in fecundity; the two estimates for the base population, one obtained at the beginning of the experiment, and the second simultaneously with the outcrossed F 7 generation, yielded similar values of the inbreeding depression coefficient (0.22 and 0.19 for F ¼ 0.25). However, no evidence for purging of inbreeding depression was found. The inbreeding depression coefficient in outbreds created by the crossing of inbred lines was 0.15, but this was not significantly less than in the base population. Even if the lack of significance resulted from insufficient statistical power, this result shows that purging was at best very modest. Comparison of the fecundity differences between inbreds and outbreds within maternal families also failed to find evidence for significant purging. Hedrick (1994) simulated the process of purging under brother-sister mating with a family size of 10, a design followed exactly in the present study. In Hedrick's (1994) simulations, lethals were purged from the population much faster than detrimentals irrespective of whether they caused sterility or mortality, even though both lethals and detrimentals caused substantial line extinction. For example, after six generations of sib mating less than a half of the initial load of two lethal equivalents was retained when the load was distributed between two lethals, whereas for detrimentals (selection coefficient 0.125, ie two lethal equivalents distributed over 32 loci) less than 15% of the initial load was purged (Figures 5 and 6 in Hedrick, 1994) . The lack of significant purging found in the present study thus indicates that inbreeding depression in the bulb mite is caused mainly by genes of small effects, which are unlikely to be purged during inbreeding (Hedrick, 1994; Wang et al, 1999) , or that overdominance plays a substantial role. The high proportion of lines lost during inbreeding suggests the role of deleterious mutations: the breakdown of overdominant relations between alleles is expected to cause decreased fitness, but there is no reason to expect mortality or sterility. On the other hand, line extinction may occur even if the effects of detrimental mutations are additive (Hedrick, 1994) when such mutations are fixed in inbred lines. In this situation, with no dominance, no inbreeding depression occurs (Lynch and Walsh, 1998; Roff, 1998) . In theory, therefore, genes causing inbreeding depression may not be the same as genes causing line extinction, so that the role of overdominance in causing the former cannot be ruled out even when extinction is substantial. However, because deleterious mutations are usually at least partially recessive (Houle et al, 1997) , inbreeding depression and line extinction are likely to be caused by the same genes.
Using the same design as in the present study, Willis (1999) found no evidence of purging in Mimulus guttatus. Purging may be more effective under slow inbreeding and large population size (Wang et al, 1999) , and Fowler and Whitlock (1999) did find evidence for purging in Drosophila melanogaster under slow inbreeding. Unfortunately, such a design would not be practical for a deliberate purging programme, for example in endangered species, because of the many generations needed. Nevertheless, most of the evidence collected so far suggests that the purging process does not play a substantial role in the majority of populations. Ballou (1997) found little evidence for purging in 25 mammal populations, and a meta-analysis in plants (Byers and Waller, 1999) revealed that if purging occurs at all, its effects are usually in order of less than 10%.
Several studies report that outbreds created from inbred lines had higher fitness than outbreds from populations that were not previously inbred (eg Lynch, 1977; Bryant et al, 1990; Barrett and Charlesworth, 1991; Garcia et al, 1994; Latter et al, 1995; Roff, 2002) , which was taken as the evidence for purging. Willis (1999) found a similar effect in his study of M. guttatus, but he pointed out that the effect is likely to be caused by adaptation to laboratory conditions that had occurred in inbred lines. In the present study, no increase in fitness in the outcrossed F 7 was found. However, as both the base population and inbred lines were kept in the laboratory, adaptation to lab conditions was not expected to be higher in inbreds. On the other hand, the lack of difference cannot be taken as the evidence against purging, as evolution in the base population cannot be excluded. The base population might have evolved a higher fitness than inbred lines, where selection was limited. Moreover, when all but viability and sterility selection is eliminated (as under inbreeding scheme used in the present study), fitness may decline at a rate as high as 2% per generation because of accumulation of deleterious mutations (Shabalina et al, 1997) . This process could further decrease the fitness of inbred lines. Hedrick (1994) suggested that extinction patterns of inbred lines can be used to infer the type of genetic load responsible for extinction. Viability lethals should not cause much extinction, as they should be effectively purged via selection within families, and line loss due to sterility lethals should be concentrated in a few early generations. On the other hand, detrimentals are expected to cause a much higher extinction rate because of inviability, and the extinction because of sterility should continue to increase with each generation of inbreeding (Hedrick, 1994) . However, to discern these differences, about 20 generations of inbreeding would be needed. Moreover, Hedrick (1994) did not simulate joint effects of line sterility and inviability. In this study, 77% of all extinctions were because of sterility; simulations Inbreeding in the bulb mite J Radwan allowing both causes of line extinction to operate simultaneously (Radwan, in preparation) suggest that such a situation (ie most extinctions due to line sterility) will occur when the number of loci for sterility and for viability is similar (assuming the same average selection coefficient per locus for both traits). For the extinction rates for both causes to be more equal, the number of loci affecting viability needs to be a few times larger than the number of fertility loci. This is because under a design similar to that used in the present study, selection against steriles can only operate via line extinction, and not via within-family selection.
Another potential application of the analysis of line extinction is in the assessment of individual mutational loads. The number of deleterious mutations carried by an individual will influence the probability of extinction of inbred lines derived from it (Hedrick, 1994 ). This will not only be true for recessive genes that cause inbreeding depression, but also for completely additive genes (Hedrick, 1994) . More modelling and experimental effort is needed to determine the predictive power of this association. The data collected in the present study are encouraging. There was a significant negative association between the number of lines extinct and the fecundity of females from which the lines were derived. In Drosophila female, fecundity seems to represent a large mutational target (Houle, 1998) . In R. robini, heritability of fecundity was estimated at 27% (Radwan et al, unpublished manuscript) , so it seems plausible that in this species also variation in fecundity is caused, to a significant extent, by deleterious mutations, and that higher rates of extinction reflected higher mutation loads of founder females. A similar design could be used to test hypotheses concerning genetic quality of individuals, such as recent 'good genes' models of sexual selection that assume genetic variance in male quality to be caused by deleterious mutations (Houle and Kondrashov, 2002) .
